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I. Summary

~

Two catalyst formulations using resistively heated metal
monolith substrates were evaluated for the application of
exhaust emission catalysts on an M100 neat methanol-fueled
vehicle. The active catalyst formulations were
palladium:cerium (Pd:Ce) and a base metal formulation. The
catalysts were evaluated at low mileage in two modes:

1. Resistive heating applied to the substrate during
initial portions of the cold-start and hot-start transient
segments of the test cycle (the Federal test procedure (FTP)):;
(1] and

2. No resistive heating applied to the substrate during
the driving cycle.

The test vehicle was also driven in the baseline, or
no-catalyst mode, to obtain engine-out emission 1levels for
comparison. :

Resistively heating the Pd:Ce catalyst provided a
substantial emissions control benefit over the non-resistively
heated catalyst mode, for emissions measured as hydrocarbons
(HC), methanol (CH,0H), and formaldehyde (HCHO) .
Efficiencies from baseline levels for these pollutants with the
resistively heated Pd:Ce converter over the FTP were 94, 92,
and 99 percent, respectively. The HCHO levels measured, 2.0
milligrams/mile over the FTP, were low compared with other
catalysts previously evaluated at low mileage by EPA.

The base metal catalyst showed a slight improvement 1in
emissions of HC, CH,OH, and HCHO when the catalyst was
resistively heated. Generally, the base metal catalyst was not
as efficient as the Pd:Ce catalyst in either the resistively
heated or non-resistively heated modes.

The catalysts and resistively heated metal monolith
substrates evaluated were provided by Camet, Inc., a subsidiary
of W. R. Grace. The M100-fueled test vehicle was provided by
Volkswagen of America.



II. Introduction

The major portion of emissions measured as hydrocarbons
(HC) and formaldehyde (HCHO) emissions from a catalyst-equipped
methanol-fueled vehicle over the FTP cycle are generated during
cold start and warm-up of the catalyst.[2] These emissions are
difficult to control because engine-out emissions are high and
catalytic converters have 1low conversion efficiency during
their warm-up phase of operation.

Heating parts of the engine or the catalytic converter at
cold start may provide an emissions reduction benefit over the
FTP cycle.[3] However, even if parts of the engine were hot
enough to allow an engine's cold-start emissions to be as low
as its hot-start emissions, Bag 1 emissions would still be
higher because the catalyst would not 1light-off (come to
operating temperature) until some time after cold start.
Heating a large mass of engine metal at cold start may be
costly from an economic standpoint also. Resistively heating a
catalytic converter at cold start may be a feasible concept if
the electrical power requirement for heating is not excessive
and resistive heating is required for only a limited period of
time while the vehicle is operated.

Resistively heated metal monolith catalytic converters
have been previously evaluated by EPA.(3,4,5,6] Earlier
testing of <this technology (4] on a methanol-fueled vehicle
utilized a platinum/palladium/rhodium mixture similar to
conventional three-way automotive catalysts. FTP Bag 1 levels
of emissions measured as hydrocarbons and formaldehyde were
0.50 and 0.054 grams respectively when the catalytic converter
was resistively heated for 30 seconds at cold start. These
were improvements of 71 and 67 percent respectively over HC and
HCHO levels from the same catalyst in the absence of resistive
heating. The lower Bag 1 emissions translated into weighted
average FTP 1levels of 0.05 grams per mile for emissions
measured as HC and 5 milligrams per mile for HCHO.

One way to improve upon this technology would be changing
the active catalyst mix to provide greater efficiency at the
same economic cost or the same efficiency at lower cost.
Palladium (Pd) is of great interest as a gasoline vehicle
catalyst because of 1its lower cost with respect to platinum
(Pt) and rhodium (Rh) as well as its increased availability due
to its wide distribution throughout the earth's crust.[7,8] Pd
is less resistant to poisoning from fuel contaminants such as
lead, phosphorus, and sulfur;{7] as neat methanol contains no
additives, catalyst deactivation through poisoning is
unlikely. Pd, then, may be a wuseful alternative to a
conventional three-way catalyst for a vehicle fueled with M100.
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Base metal catalysts are also attractive for a methanol
vehicle application because of their low cost and the absence
of poisons like those mentioned above in the exhaust.[9] Base
metal catalysts have been evaluated by the Control Technology
and Applications Branch ‘as methanol .vehicle catalysts.{10] An
efficient base metal catalyst utilizing the resistively heated
substrate technology might provide a lower cost alternative to
a conventional noble metal catalyst for the methanol vehicle

application.

The manufacturers of the resistively heated substrate,
Camet and W. R. Grace, agreed to supply EPA with substrates
coated with two active catalysts not previously evaluated with
this technology on a methanol-fueled vehicle:

1. A Pd, Cerium (Ce)-promoted configuration; and
2. A base metal configuration.

The evaluation of these catalysts described in this report
involved the use of the same methanol-fueled test vehicle

mentioned in reference 4.

III. Catalytic Converter Description

The catalytic converters evaluated here were dual-bed
configurations, consisting of an unheated metal monolith
substrate and a smaller resistively heated metal monolith
catalyst. This is the same substrate configuration that was
evaluated on a methanol-fueled vehicle in reference 4.

The metal monoliths were resistively heated using a single
12-volt DC battery capable of providing 500-600 cold cranking
amps. Voltage measured across the converter during heating was

typically 9.5-9.9 volts. Current to the converter was
typically measured at 350 and 250 amps at the start and after 1
minute of resistive heating, respectively. The period of

resistive heating was limited to 10 seconds prior to and 50
seconds following cold start, and 5 seconds prior to and 30
seconds following hot start in the FTP cycle at 72°F soak

conditions.

The dimensions of the converter are similar to those of
typical underfloor catalysts on late model compact
automobiles. The amperage draw was comparable to the maximum
required by an automotive starter cranking in cold weather,
although starter motors generally do not draw this high level
of current for as long as the resistively heated catalyst does.

A description of the process for making the folded metal
substrate may be found in a patent filed by Camet.[11] A
detailed description of the substrate and 1its quick light-off
characteristics have been published in an earlier report.([4]
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The catalysts evaluated here were two separate
compositions:
1. Pd, with Ce promoter; and
2. A base metal composition.

The exact specifications of the catalyst compositions are
considered proprietary to Camet and W. R. Grace.

IV. Vehicle Description

The test vehicle was a 1981 Volkswagen Rabbit 4-door
sedan, equipped with automatic transmission, air conditioning,
and radial tires. The 1.6-liter engine had a rated maximum
power output of 88 horsepower at 5,600 rpm, when using neat
methanol fuel. The vehicle was tested at 2,500 1lbs inertia
weight and 7.7 actual dynamometer horsepower. This vehicle was
loaned to the U. S. EPA by Volkswagen of America.

A detailed description of the vehicle and special methanol
modifications was provided in an earlier report.[4]

V. Test Facilities And Analytical Methods

Emissions testing at EPA was conducted on a Clayton Model
ECE-50 double-roll chassis dynamometer, using a direct-drive
variable inertia flywheel unit and road 1load power control

unit. The Philco Ford constant volume sampler has a nominal
capacity of 350 CFM. Exhaust HC emissions were measured with a
Beckman Model 400 flame ionization detector (FID). CO was

measured using a Bendix Model 8501-5CA infrared CO analyzer.
NOx emissions were determined by a Beckman Model 951A
chemiluminescent NOx analyzer.

Exhaust formaldehyde was measured using a dinitrophenyl-
hydrazine (DNPH) technique.[12,13] Exhaust carbonyls including
formaldehyde are reacted with DNPH solution forming hydrazine
derivatives; these derivatives are separated from the DNPH
solution by means of high performance 1liquid chromatography
(HPLC), and quantization is accomplished by spectrophotometric
analysis of the LC effluent stream.

The procedure developed for methanol sampling and
presently in-use employs water—-filled impingers through which
are pumped a sample of the dilute exhaust or evaporative
emissions. The methanol in the sample gas dissolves 1in water.
After the sampling period is complete, the solution in the
impingers is analyzed using gas chromatographic (GC)
analysis.[14]
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Most of the emission results in this report are computed
using the methods outlined in the "Final Rule for Methanol
Fueled Motor Vehicles and Motor Vehicle Engines," which was
published in the Federal Register on Tuesday, April 11, 1989,
Because these specialized procedures and calculation methods
are not in widespread use, wé have also included a hydrocarbon
result which is what would be obtained if the exhaust was
treated as 1if the fuel were gasoline. This 1is done as a
convenience for the readers and users of the report who may be
more familiar with hydrocarbon results obtained this way.

VI. Test Procedure

This program had as its goal the reduction of unburned
fuel and HCHO emissions from the test vehicle using two
different active catalysts and a specific resistive heating
strategy.

The test vehicle was emission tested in the baseline
(no-catalyst) mode twice over the FTP cycle. The Pd:Ce
catalyst was then placed in the exhaust stream and again tested
twice over the FTP; no resistive heating was applied to the
catalyst during this testing. The catalyst was then
resistively heated and emission tested six times over the FTP.
The substrate was resistively heated for 10 seconds prior to
cold start in Bag 1; the heating was continued for 50 seconds
following cold start for a total heating time of 1 minute. The
catalyst was also heated for 5 seconds prior to and 30 seconds
following hot start in Bag 3, for a total time that heat was
applied of 35 seconds. No resistive heating was applied during
the Bag 2 portion of the test.

The Pd:Ce catalyst was then replaced with the base metal
configuration provided by Camet. Two tests over the FTP were
conducted without catalyst heating. The catalyst was then
resistively heated using the scheme referred to above; three
emission tests were conducted in this heated catalyst mode.
The base metal catalyst was then removed from the exhaust and
replaced with a straight pipe. Two additional baseline
emission tests were conducted to conclude the data gathering
phase of this report.

VII. Discussion of Test Results

Average Bag 1 (cold transient phase) emissions over the
FTP for the various catalyst configurations tested are given in
Table 1. Emission levels are described as grams per Bag 1
(grams/test phase) for all pollutants except HCHO; emissions of
HCHO are reported as milligrams/Bag 1.



Table 1

Average Mass of Emissions
Bag 1 of FTP Cycle

Catalyst HC* CH,4 HC**  OMHCE CH,OH co
Configuration (q) (q) (q) (q) (9) (q)
Baseline 5.90 0.05 1.23 7.89 13.78 30.6
(no catalyst)

Pd:Ce (no heat) 3.02 0.05 0.21 4.02 8.63 9.7
Pd:Ce (resistive 0.86 0.06 0.10 1.19 2.94 9.1
heat)

Base metal 3.08 0.04 0.31 4,12 8.56 16.2
{no heat)

Base metal 2.38 0.06 0.33 3.14 6.32 14.6
(resistive

heat)

* Measured as hydrocarbons with a propane-calibrated FID.

NOx
(q)

HCHO
(mg)
1159.0

160.8

29.5

242.2

167.8

ek Calculated per "Final Rule for Methanol Fueled Motor Vehicles and Motor
Vehicle Engines."
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The baseline (no catalyst) configuration used a straight

pipe in the place of the underfloor converter. "No heat"
refers to the evaluated catalyst tested without resistive
heating applied to the substrate. Two hydrocarbon (HC)

emission categories are listed in Table 1. The first category
refers to emissions measured as HC with a FID calibrated with
propane; a FID response factor for methanol is not used. The
second HC figure is calculated per the requirements of the
methanol vehicle emissions rulemaking.

Bag 1 HC emission test results are displayed graphically
in Figure 1. HC emissions in Bag 1 with the propane calibrated
FID were approximately 3 grams with both the Pd:Ce and base
metal catalysts. While these emissions with both catalysts
were substantially reduced when the substrates were resistively
heated, a greater assist was provided to the Pd:Ce catalyst.

Emissions measured as HC were reduced to 0.86 grams/Bag 1,
a reduction of 85 percent from baseline 1levels, with the
resistively heated Pd:Ce catalyst. The base metal catalyst in
the heated mode reduced HC to 2.38 grams/Bag 1, a reduction of
60 percent from baseline levels.

Methanol (CH,0H) emission 1levels, displayed graphically
in Figure 2, decreased substantially with resistive heating for
both catalysts, yet the decrease with the Pd:Ce catalyst was
greater. CH,0OH emissions were approximately 8.6 dgrams/Bag 1
with either catalyst in the non resistively heated mode.
Heating the Pd:Ce catalyst caused CH,0H emissions to drop to
2.94 grams/Bag 1, an efficiency of 79 percent from baseline
levels. Average CH,;0H emissions decreased to 6.32 grams/Bag
1, a 54 percent efficiency from baseline levels, when the base
metal converter was resistively heated.

CO emission levels over Bag 1 are given in Figure 3.
Resistively heating each catalyst did not cause CO levels to be
reduced below non-resistively heated catalyst 1levels with
efficiencies as great as those experienced with HC and CH;OH
missions. CO was reduced to 9.7 grams/Bag 1 with the
non-resistively heated Pd:Ce configuration, an efficiency of 68
percent from baseline levels. Resistively heating the catalyst
reduced CO further, to 9.1 grams/Bag 1, an incremental increase

in efficiency of only 2 percent. The base metal catalyst
reduced CO to 16.2 grams/Bag 1 without resistive heating for an
efficiency from baseline of 47 percent. Resistively heating

the catalyst lowered CO to 14.6 grams/Bag 1; this represents an
incremental increase in efficiency of 5 percent from baseline
levels.

Average Bag 1 NOx levels, depicted in Figure 4, decreased
slightly with catalyst resistive heating for the Pd:Ce
catalyst; the base metal catalyst did not appear effective for
NOx conversion. From a baseline level of 6.5 grams/Bag 1, NOx



Figure 1
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Figure 2
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Figure 3
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Figure 4

Bag 1 of CVS 75 (FTP) Cycle
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was reduced to 3.3 grams/Bag 1 with the resistively heated

Pd:Ce catalyst. The improvement attributed to resistive
heating was only 0.3 grams/Bag 1 (non-resistively heated
catalyst emissions less resistively heated catalyst
emissions). The 1level of baseline emissions of NOx, 6.5

grams/Bag 1, did not change with the base metal converter, even
when resistively heated; this catalyst appeared to be
ineffective for NOx reduction in the manner in which 1t was
evaluated here.

Bag 1 HCHO oxidation efficiency with either catalyst was
greatly improved by resistive heating; HCHO 1levels over Bag 1
are given in Figure 5. The heated Pd:Ce catalyst had average
Bag 1 HCHO emissions of 29.5 milligrams/Bag 1, an improvement
of almost 82 percent from non resistively heated catalyst
levels. HCHO efficiency was almost 98 percent from baseline
with the heated Pd:Ce catalyst. Again, the base metal catalyst
did not exhibit HCHO efficiencies as high as those from the
Pd:Ce catalyst; the improvement caused by resistive heating was
approximately 30 percent from non-resistively heated catalyst
levels. HCHO emissions from the heated base metal catalyst
were 167.8 milligrams/Bag 1, an efficiency of approximately 85
percent from baseline levels.

Table 2 contains emission averages over the Bag 3 (hot
transient) portion of the FTP for the catalyst configurations
evaluated. Resistive heating was applied for a period of 5
seconds preceding and 30 seconds following hot start for a
total heating period of 35 seconds in Bag 3.

The Pd:Ce catalyst provided very high HC and CH,;O0H
efficiencies in Bag 3; a dgraphical summary of this data is
given in Figures 6 and 7. In the unheated mode, emissions
measured as HC and CH;OH were reduced to 0.31 and 0.45
grams/Bag 1, respectively. These were efficiencies of 91 and
95 percent from baseline. Resistively heating this catalyst
reduced these emission 1levels by half, to 0.16 and 0.19
grams/Bag 1, respectively. The base metal catalyst was not as
effective in the unheated mode, and resistive heating did not
improve the catalyst's performance to an efficiency equal to
that of the noble metal catalyst. Bag 3 HC with the base metal
catalyst was 1.08 grams, an efficiency from baseline of 68
percent; this 1level was essentially unchanged by resistive
heating. Without resistive heating, the base metal catalyst
reduced CH,OH to 3.31 grams/Bag 3, an efficiency from
baseline of 65 percent. Heating the base metal catalyst
reduced CH,OH further, to 2.66 grams/Bag 3, an efficiency of
72 percent.

Resistively heating either catalyst in Bag 3 appeared to
reduce converter efficiency slightly for CO control. Figure 38
presents dgraphically CO 1levels obtained over Bag 3 for the
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Table 2

Average Mass of Emissions
Bag 3 of FTP Cycle

Catalyst HC* CH,q HC*%* OMHCE CH;OH co NOx HCHO
Configuration (q) (@) . _(9) (q9) (q) (q) (q) (mq)
Baseline 3.39 0.03 0.64 4.85 9,56 20.9 6.6 989.0
(no catalyst)

Pd:Ce (no heat) 0.31 0.02 0.16 0.38 0.45 0.7 2.7 60.0
Pd:Ce (resistive 0.16 0.05 0.13 0.19 0.19 1.2 2.9 3.0
heat)

Base metal 1.08 0.03 0.01 1.47 3.31 4.9 6.9 70.1
(no heat)

Base metal 1.03 0.03 0.17 1.35 2.66 5.9 6.5 68.2
(resistive

heat)

* Measured as hydrocarbons with a propane-calibrated FID.

*%  Calculated per "Final Rule for Methanol Fueled Motor Vehicles and Motor
Vehicle Engines.”
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Figure 5
Bag 1 of CVS 75 (FTP) Cycle
Formaldehyde (HCHO) Emissions
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Figure 6
Bag 3 of CVS 75 (FTP) Cycle
Emissions Measured as HC+
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Figure 7

Bag 3 of CVS 75 (FTP) Cycle
Emissions of Methanol (CH30H)

Catalyst Configurations
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catalyst configurations tested. CO decreased to 0.7 grams/Bag
3 with the Pd:Ce catalyst, for an efficiency from baseline
levels greater than 96 percent. CO increased slightly, to 1.2
grams/Bag 3, when resistive heating was applied to the Pd:Ce
catalyst. The level of CO was also slightly increased when the
base metal converter was Heated. CO was measured at 5.9
grams/Bag 3 when resistive heating was applied, up from 4.9
grams/Bag 3 without resistive heating. -

Recent testing of this resistively heated converter
technology on a gasoline—-fueled vehicle [6] at lower ambient
temperatures suggested that reductions in CO following cold
start were possible only with the addition of air in front of
the converter. This excess air during catalyst resistive
heating was supplied by an air pump in [6].

The testing reported on here involved a methanol, rather
than a gasoline-fueled, vehicle. Also, the testing discussed
in [6] was conducted at 20°F ambient, rather than 72°F
ambient conditions. The gasoline-fueled vehicle may have been
operating under significantly richer conditions during catalyst
resistive heating than the methanol *fueled test vehicle.
Nevertheless, more work should be done to determine whether
some excess air addition, even at 70°F conditions, is
necessary to improve resistively heated catalyst CO efficiency
with an M100 fueled engine.

Bag 3 NOx levels are given in Figure 9. Resistive heating
did not noticeably improve the performance of the Pd:Ce
catalyst for NOx control. Nox levels were essentially
unchanged, approximately 2.8 grams over Bag 3, for both heated
and unheated Pd:Ce confiqurations. The base metal converter,
unheated or in the resistively heated mode, did not appear to
be effective for NOx reduction.

Figqure 10 displays HCHO 1levels over Bag 3 for the
evaluated configurations. Bag 3 HCHO conversion efficiency of
the Pd:Ce catalyst was greatly improved by resistive heating.
HCHO emissions were reduced to 60 milligrams/bag with the
unheated Pd:Ce converter; resistive heating lowered emissions
from this configuration to 3 milligrams, an efficiency
approaching virtually 100 percent from baseline 1levels. HCHO
was reduced to 70 milligrams/Bag 3 for the base metal catalyst
in the unheated mode, an efficiency of almost 93 percent from
baseline 1levels. Resistively heating this catalyst, however,
did not appreciably reduce Bag 3 HCHO below unheated catalyst
levels.

Weighted average FTP emissions in units of mass/distance
driven, for the various pollutant categories, are given 1in
Table 3.
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Figure 9
Bag 3 of CVS 75 (FTP) Cycle
NOx Emissions
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-16-

Ta: .e 1

Emissions Levels Uver The FTP Cycle

Catalyst HC* CHa HC** OMHCE CHsOH  CO NOx HCHO
Configquration (g/mi) (g/mi) (g/mi) (g/mi) (g/mi) (g/mi) (g/mi) (mg/mi)

Baseline » 1.07 0.01 0.20 1.48 2.65 6.6 1.4 293.0
(no catalyst) '

Pd:Ce (no heat) 0.20 0.01 0.03 0.27 0.54 0.6 0.7 19.4
Pd:Ce (resistive 0.06 0.01 0.02 0.08 0.20 0.6 0.7 2.0
heat)

Base metal 0.29 0.01 0.03 0.37 0.76 1.6 1.5 22.0
(no heat)

Base metal 0.26 0.01 0.06 0.33 0.62 2.0 1.4 19.1
(resistive

(heat)

* Measured as hydrocarbons with a propane-calibrated FID.

*%  Calculated per "Final Rule for Methanol Fueled Motor Vehicles and Motor
Vehicle Engines."”



-17-

The improvements in HC efficlency caused by resistively
heating the Pd:Ce catalyst in Bags 1 and 3 also substantially
decreased weighted average HC emissions. Measured HC emissions
were reduced to 0.06 grams/mile with the resistively heated
Pd:Ce catalyst; this data is displayed in Figure 11. The base
metal catalyst showed some improvement with resistive heating,
but this improvement was minimal. Weighted FTP HC emissions
were reduced to 0.26 grams/mile with the base metal catalyst
resistively heated, an improvement of only 10 percent from the
non-resistively heated configuration. Overall, the Ilowest
measured HC level was obtained with the Pd:Ce catalyst 1in the
resistively heated mode.

Figure 12 shows average CO levels over the FTP for the
various configurations tested. Resistive heating did not
increase CO efficiency for either catalyst in the manner in
which each was tested here. Average CO over the FTP rose
slightly, to 2.0 grams/mile, with the base metal catalyst
resistively heated. Because both catalysts had slightly higher
Bag 1 CO efficiencies, it may not be accurate to conclude that
resistive heating contributed to increases in CO, however. It
may be necessary to add air in front of the catalyst during the
initial portion of Bag 1, even at 70°F ambient conditions, in
order to substantially increase CO efficiency with resistive
catalyst heating.[6]

NOx emissions over the FTP also did not substantially
change when the catalysts were resistively heated; Figure 13
contains NOx emission averages over the FTP for all
configurations tested. The Pd:Ce catalyst reduced average NOx
emissions by half, while NOx was unaffected by the base metal
catalyst. While the Pd:Ce catalyst reduced NOx emissions below
1.0 gram/mile, additional work would have to be done with this
confiqguration to ensure attainment of 0.4 or 0.2 grams/mile
levels. :

Resistive heating greatly assisted the 1light-off of the
noble metal catalyst for HCHO oxidation. Figure 14 shows FTP
HCHO emission averages for the catalyst configurations tested.
The Pd:Ce catalyst had substantial increases in HCHO efficiency
in both Bags 1 and 3 with resistive heating, leading to a low
weighted average of 2.0 milligrams/mile HCHO measured over the
FTP. This level of HCHO from an M100-fueled wvehicle is low
with respect to many methanol vehicle catalysts which have been
evaluated at low mileage by EPA.[3,4,7,8,13]
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Figure 11
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Figure 13
Weighted Average CVS 75 (FTP)
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VIII.Highlights From Testing

1. The resistively heated Pd:Ce converter had the
highest emission control efficiencies of the configurations
tested here.

2.  Emissions measured as HC from a propane-calibrated
FID were reduced to 0.06 grams/mile over the FTP with the
resistively heated Pd:Ce converter. This was a 70 percent

decrease in emissions from the level with the unheated Pd:Ce
configuration; CH;OH emissions were reduced by almost the
same proportion. CH,OH emissions were measured at an average
of 0.20 grams/mile over the FTP with the resistively heated
Pd:Ce catalyst.

3. HCHO emissions were reduced to a very low 2
milligrams/mile over the FTP with the resistively heated Pd:Ce
catalyst. This decrease is primarily attributable to the 81
percent increase in efficiency in Bag 1 caused by resistive
heating. '

4, Average CO and NOx emissions over the FTP were not
substantially affected by resistively heating either the Pd:Ce
or base metal catalysts.

5. Emissions measured as HC and CH,0H over the Bag 1
portion of the FTP were measured at similar levels with both
the Pd:Ce and the base metal catalysts. Resistive heating was
not as successful with the base metal catalyst; however, HC and
CH,OH were reduced an average 24 percent below nonresistively
heated catalyst levels when the base metal catalyst was heated.

6. HCHO emissions were reduced to an average 19.1
milligrams/mile over the FTP with the resistively heated base
metal catalyst. While this represents an efficiency of greater
than 93 percent from baseline levels, the average HCHO level of
2.0 milligrams/mile with the heated Pd:Ce catalyst was much
lower.
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